Mechanism of Carbon Dioxide and Water; Incorporation in Ba<sub>2</sub>TiO<sub>4</sub>::A Materials Degradation Study by McSloy, Adam et al.
 
 
Mechanism of Carbon Dioxide and Water;
Incorporation in Ba2TiO4:
McSloy, Adam; Trussov, Ivan; Jarvis, Abbey; Cooke, David; Slater, Peter; Panchmatia, Pooja
DOI:
10.1021/acs.jpcc.7b10330
Document Version
Peer reviewed version
Citation for published version (Harvard):
McSloy, A, Trussov, I, Jarvis, A, Cooke, D, Slater, P & Panchmatia, P 2017, 'Mechanism of Carbon Dioxide and
Water; Incorporation in Ba2TiO4: A Materials Degradation Study', Journal of Physical Chemistry C.
https://doi.org/10.1021/acs.jpcc.7b10330
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for publication in Journal of Physical
Chemistry C, copyright © American Chemical Society after peer review. To access the final edited and published work see
10.1021/acs.jpcc.7b10330
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Feb. 2019
Subscriber access provided by LOUGHBOROUGH UNIVERSITY LIBRARY
The Journal of Physical Chemistry C is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.
Article
Mechanism of Carbon Dioxide and Water
Incorporation in Ba2TiO4: A Materials Degradation Study
Adam J. McSloy, Ivan Trussov, Abbey Jarvis, David J Cooke, Peter R. Slater, and Pooja M. Panchmatia
J. Phys. Chem. C, Just Accepted Manuscript • DOI: 10.1021/acs.jpcc.7b10330 • Publication Date (Web): 22 Dec 2017
Downloaded from http://pubs.acs.org on January 3, 2018
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.
Mechanism of Carbon Dioxide and Water Incorpora-
tion in Ba2TiO4: a Joint Computational and Experimen-
tal Study.
Adam J. McSloy,a,c, Ivan Trussovb, Abbey Jarvisb, David J. Cookec, Peter R. Slaterb and
Pooja M. Panchmatia⇤a
Abstract
CO2 incorporation in solids is attracting considerable interest in a range of energy-related areas.
Materials degradation through CO2 incorporation is also a critical problem with some fuel cell
materials, particularly for proton conducting ceramic fuel cells. Despite this importance, the fun-
damental understanding of the mechanism of CO2 incorporation is lacking. Furthermore, the
growing use of lower temperature sol gel routes for the design and synthesis of new functional
materials may be unwittingly introducing significant residual carbonate and hydroxyl ions into the
material, and so studies such as the one reported here investigating the incorporation of car-
bonate and hydroxyl ions are important, to help explain how this may affect the structure and
properties. This study on Ba2TiO4 suggests highly unfavourable intrinsic defect formation en-
ergies, but comparatively low H2O and CO2 incorporation energies in accord with experimental
findings. Carbonate defects are likely to form in both pristine and undoped Ba2TiO4 systems,
whereas those based on H2O will only form in systems containing other supporting defects, such
as oxygen interstitials or vacancies. However, both hydroxyl and carbonate defects will trap oxide
ion defects induced through doping, and the results from both experimental and modelling studies
suggest that it is primarily the presence of carbonate that is responsible for stabilising the high
temperature a0-phase at lower temperatures.
1 Introduction
The A2BO4 material class is a diverse group of oxometallates
with over 50 know crystal structures, many of which contain
isolated or linked tetrahedral frameworks.1,2 They are of huge
technological importance and one such material is barium or-
thotitanate, relatively close to its electroceramic cousin BaTiO3.
Numerous compounds exist within the BaO-TiO2 system, several
being good electroceramics.3,4 Of these compounds, only bar-
ium orthotitanate (Ba2TiO4) is both barium-rich and stable.5,6
This material has a high melting point of 1860  C and is un-
usual as it has Ti4+ ions tetrahedrally coordinated to oxygen.7,8
It has recently gained a renewed interest due to its CO2 sorption
properties, which emanates from a reversible Ba2TiO4 +CO2 !
a Department of Chemistry, Loughborough University, Loughborough LE11 3TU, United
Kingdom.
b School of Chemistry, The University of Birmingham, Edgbaston, Birmingham B15
2TT, United Kingdom.
c Department of Chemistry, University of Huddersfield, Huddersfield HD1 3DH, United
Kingdom.
† Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI:
BaCO3 +BaTiO3 process, which makes it a promising candidate
for carbon capture applications.9–13 Like many other barium ti-
tanates, it is predicted to be a wide-gap insulator.14
Ba2TiO4 is highly hygroscopic and has been reported to exists in
a low temperature monoclinic P21/n b-phase and a high tempera-
ture orthorhombic P21nb a0-phase, the latter being a tripled b-axis
superstructure of the former.15,16 These studies have shown that
the Ba2TiO4 structure can be described as a series of isolated TiO4
tetrahedra separated by Ba ions which occupy 7 (or 6 in the a0-
phase) and 8 coordinate sites, shown in Figure 1. Further studies
have suggested that the phase transformation temperature can
be affected by grain size and impurity effects, with some reports
showing that lower temperature synthesis routes can stabilise
the high temperature orthorhombic a0-phase.17–20 However, our
prior work on Ba containing perovskite systems have shown that
at such lower temperatures carbonate can be present in the struc-
ture.21 In this paper, we therefore present a detailed modelling
and experimental investigations, elucidating the mechanisms of
CO2 and H2O incorporation, and propose that it is CO2 incorpo-
ration as carbonate, which is responsible for the stabilisation this
phase.
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(a)
(b)
Fig. 1 Structure of a) b-Ba2TiO4 (3⇥3⇥1 supercell) and b) a0-Ba2TiO4
(3⇥1⇥1 supercell) with Ba, Ti and O ions represented as green, blue
and red spheres respectively and TiO4 tetrahedra in blue.
2 Methodology
2.1 Computational
The computational methods employed herein are reviewed in
brief below, however more comprehensive descriptions can be
found elsewhere.22–24 Interatomic potential based energy min-
imisation calculations were performed using the general utility
lattice program (GULP),25,26 and structural images rendered us-
ing VESTA.27
Calculations were based on the Born model for ionic solids
where long and short-range pairwise terms are used to describe
the Coulombic, and the Pauli’s repulsive and van der Waals inter-
actions respectively. In this study, short-range ionic interactions
were modelled using the Buckingham potential:28
Fi j (r) = Ai j exp
✓
  r
ri j
◆
  Ci j
r6
(1)
Where Fi j is the potential energy resulting from the interaction
of ions i and j at distance r, and Ai j, ri j and Ci j are the em-
pirically derived potential parameters specific to the i  j ion
pair. Ionic polarisability, which is particularly important when
considering charged defects, was described using the Dick and
Overhauser shell model.29 Interatomic potentials, and shell pa-
rameters, from literature were screened to identify a preliminary
model.30–32 Each potential was then fitted to the experimental b-
Ba2TiO4 structure, and vetted to its respective binary oxide struc-
ture and elastic constants, to yield those in table 1.15
Intramolecular O-H and C-O interactions within the OH  and
CO2 3 units were modelled with the Coulomb-subtracted Morse
potential, equation 2, as it better describes their covalent charac-
ter.33
Fi j (r) = De[(1 exp( a(r  r0)))2 1] (2)
Where De and a are depth and width of the potential well respec-
tively and r0 is the equilibrium bond distance. The parameters se-
lected to model OH  units in Ba2TiO4 are given in table ??. 34 In
accordance with Panchmatia et al. 34 , partial charges of -1.4263
and 0.4263 were placed on O and H respectively to model the
OH  unit’s dipole moment. The CO2 3 was treated with an O shell
(-1.380) and a partial charge on the carbon (1.450). A three-body
potential was also included to maintain the CO2 3 group’s 120
 
bond angle. This, shown in equation 3, is parameterised by its
equilibrium bond angle, q0, and a constant, k2.
Fi jk
 
qi jk
 
=
1
2
k2(qi jk q0)2 (3)
Finally, the torsional term shown in equation 4 is necessary to
model the potential energy associated with the out-of-plane bend-
ing of the CO2 3 group. In the torsional potential, k4, q0 and n rep-
resent a constant, equilibrium torsion angle and number of stable
minima respectively.
Fi j jl
 
qi j jl
 
= k4(1  cos(nqi jkl  q0)) (4)
The CO2 3 potential model used, table ??, is based on that
by Archer et al. 35 , where all intramolecular interactions act on
the oxygen’s core, and includes Kerisit and Parker’s36 C-OLattice
Buckingham potential. The torsional k term was refined (1.10
eV) using ab initio quantum mechanical coupled cluster CCSD(T)
methods in order to improve the model’s stability.
Point defects were modelled using the Mott Littleton method.37
This method partitions the area encompassing the defect into two
spherical regions. Ions in the inner region are treated explicitly,
while those in the outer region are handled more approximately
by quasi-continuum methods.37 Convergence tests for both re-
gions showed no significant change to defect energy beyond a
short-range Mott Littleton cut-off of 12.00 Å (inner region) and
24.00 Å (outer region) for single defect calculations and of 14.00
Å and 28.00 Å respectively for the molecular defect calculations.
The CO2 3 defects were modelled using the supercell method.
37
Defect reaction mechanisms are described herein using Kröger-
Vink notation.38 In this, a species is represented as Aqx , where
A corresponds to the ion itself or V if a vacancy. The subscript x
represents the species’ lattice site, and an i is used for interstitials.
The superscript q is the species’ effective electronic charge relative
to the lattice site it occupies, with positive and negative charges
represented by dots and primes respectively and no charge by a
cross.
The deliberate choice of using a classical interatomic based ap-
proach was for many reasons listed below:
1)Given the number of calculations required and the size of each
system, a DFT based approach would have been rather costly
from a computational stand point.
2
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Table 1 Interatomic potential and shell model parameters for Ba2TiO4
used in this work
a) Buckingham potential parameters‡.
Interaction A (eV) r (Å) C (eV Å6)
Ba2+-O2- 4939.2 0.3074 0.00
Ti4+-O2- 1946.9 0.3020 9.22
O2-- O2- 22764.3 0.1490 28.33
b) Shell model parameters
Ion Shell Charge (e) k (eV Å 2)
O2- -2.91 49.53
‡ A short range potential cut-off of 12.00 Å was enforced in all static-lattice calculations.
2) All other aspects of the Ba2TiO4 material investigation (for ex-
ample defect formation, doping, defect clustering, proton defect
formations) would also need to be conducted using DFT based
methods to be consistent. This is particularly important when
considering interactions between dopant incorporation and car-
bonate formation as classically calculated energy values would
be added to DFT calculated ones introducing internal consistency
issues.
3) A rigorously tested and verified classical interatomic based
"Ba2TiO4 - CO3" model, is the springboard for future molecular
dynamics simulations, where investigations of the diffusion of
absorbed carbonate and protonic defects in Ba2TiO4 can be per-
formed in larger simulation cells and for nanosecond simulation
times. Besides, such methods have been successfully employed to
provide atomistic level insights into carbonate and protonic de-
fects in olivine, apatite-type and many other materials.39–43
2.2 Experimental
In order to compare with the modelling studies a 5 g sample
of monoclinic Ba2TiO4 was prepared by concomitantly mixing
BaCO3 and TiO2 in the 2:1 molar ratio, and heating at 950  C
for 12 hours, before regrinding and reheating at 1100  C for 12
hours and furnace cooling. The sample was analysed by X-ray
powder diffraction (Bruker D8 diffractometer, Cu Kalpha radia-
tion), which confirmed the formation of the monoclinic b-Ba2TiO4
phase. Approximately 0.5 g portions of this phase were heated
under different conditions to investigate any transformation to
the a0-Ba2TiO4 phase. Subsequent analysis was performed using
TG-MS (Netzsch STA 449 F1 Jupiter Thermal Analyser) to de-
termine any mass losses. Samples were heated under N2 with a
heating rate of 10  C min 1 up to 1100  C.
3 Results and Discussion
3.1 Structural Modelling and Intrinsic Defects
At room temperature, Ba2TiO4 crystallises in the monoclinic
P21/n b-phase shown in figure 1a (alternative view provided in
figure ??). This structure has 4 distinct O2  sites, 2 Ba2+ sites and
1 Ti4+ site. The BaI and BaII sites are coordinated to 7 and 8 O2 
ions respectively, while each Ti ion is coordinated tetrahedrally
to 4 O2  ions.15,44 These isolated tetrahedra alternate with BaI
ions to form TiO4-BaI channels down the b-axis. The high tem-
Table 2 Comparison of calculated and experimental lattice parameters
of the (a) b and (b) a0 phases of Ba2TiO4.
(a) Lattice parameters of b-Ba2TiO4
Parameter Experimental15 Calculated Difference (%)
a (Å) 6.096(4) 6.100 0.004 ( 0.06)
b (Å) 7.681(6) 7.676 -0.005 (-0.07)
c (Å) 10.545(9) 10.488 -0.057 (-0.54)
a=g ( ) 90.000 90.000 0.000 ( 0.00)
b ( ) 92.990(6) 93.425 0.435 ( 0.47)
(b) Lattice parameters of a0-Ba2TiO4
Parameter Experimental16 Calculated Difference (%)
a (Å) 6.107(8) 6.118 0.011 ( 0.18)
b (Å) 22.952(4) 22.969 0.017 ( 0.08)
c (Å) 10.540(2) 10.476 -0.064 (-0.61)
a=b=g( ) 90.000 90.000 0.000 ( 0.00)
Experimental standard deviations of the last digit given in the parenthesise of the first column.
perature orthorhombic P21nb a0-phase, shown in figure 1b, is a
tripled b-axis superstructure of the b-phase, and therefore shares
the same basic structure. The a0-phase contains 6 symmetrically
inequivalent Ba sites, however, sites BaI-BaIII are similar to an
under-coordinated b-BaI site and sites BaIV -BaVI are comparable
to b-BaII . Likewise, the 3 unique tetrahedra in the a0-phase are
similar to those of the b-phase but with slightly different orienta-
tions.
Using the inter-ionic potentials listed in Table1, the calculated
lattice parameters of both b and a0-phase Ba2TiO4 shows good fit
to within 1% of the experimental crystal structure, table 2.15,16
The cation-anion distances, given for the b-phase in table ??, are
also found to be in reasonable agreement, despite the ambigu-
ous experimental crystal structure. The search for transferable
inter-ionic potential models is not trivial particularly when the
differences between the phases are so subtle.
The calculated point defect energies, presented in table ??, sug-
gest the formation of intrinsic defects in both phases of Ba2TiO4
to be energetically unfavourable. Therefore, the concentration of
such defects, even at high temperatures, will be negligible and
undoped Ba2TiO4 is likely to be a poor oxide ion conductor. This
is not unexpected given that similar findings have been reported
for the isostructural material b-Ca2SiO4. 44
3.2 Water Incorporation
Ba2TiO4 is a hygroscopic material and particularly at elevated
temperatures, tends to decompose on contact with humid air.45,46
However, it may be feasible for small concentrations of water to
be incorporated into Ba2TiO4 as protonic defects with minimal de-
composition. In some materials, the defects formed upon water
incorporation lead to enhanced proton and oxide ion conductiv-
ities.34,47 For these reasons, the favouribility of protonic defects
have been investigated.
In the first stage, the proton defect location and energy were
determined. Our simulations suggest protonic defects will bind
to oxide ions and therefore have been treated as hydroxide units
3
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(a)
(b)
Fig. 2 a) HO•O and b) OH
0
i defect in a0-Ba2TiO4 with Ba, Ti, O and H
ions shown as green, blue, red and yellow spheres respectively and
TiO4 tetrahedra in blue, purple polyhedra represent “Ti2O7” units in
sub-figure a and distorted-TiO4 units in sub-figure b.
(OH ). Equations 5 to 8 represent the viable mechanisms by
which water can be incorporated either on lattice oxide sites
(OH•O) or interstitial sites (OH
0
i).
48 A series of Mott-Littleton cal-
culations were carried out to determine the energies, structures
and locations of these defects.
In the lowest energy a0-phase structure, figure 2a, the hydrox-
ide’s oxygen remains at the original OIII lattice site, and a single
oxygen bridged “Ti2O7” unit is formed reminiscent of the “Ga2O7”
units seen in the structurally related La0.8Ba1.2GaO3.9. 49 With a
shortest HO-Ti distance of ⇠2.4 Å the OH  lies primarily on the
outside of the Ti ion’s coordination sphere. The OH0i defect struc-
ture, figure 2b, shows that the hydroxide’s oxygen lies approxi-
mately halfway between a pair of nearest neighbouring Ti ions.
Although the hydroxide unit is ⇠2.5 Å away from the two Ti ions
its presence does distort the neighbouring OI sites, albeit to a
lesser extent than that seen for the OH•O defect.
Following the determination of the most favourable location
for the proton defects, the various mechanisms of water incorpo-
ration were considered in order to determine the water incorpo-
ration energies. The first two mechanisms, represent water in-
corporated as OH•O units and an oxygen or hydroxyl interstitial,
shown in equations 5 and 6. This is achieved through the forma-
Table 3 Water incorporation energies (eV) for mechanisms 5 to 8.
Equation b-phase a0-phase
5: EH2O = 2OH
•
O+O
00
i +EPT 7.80 7.17
6: EH2O = OH
•
O+OH
0
i+EPT 4.32 3.96
7: EH2O = 2OH
•
O V••O +EPT 0.83 0.47
8: EH2O = 2OH
0
i O00i +EPT 0.85 0.75
tion of combinations of OH•O defects and OH
0
i defects. The first
mechanism has been proposed to increase oxide ion conductivity
in some materials due to the oxygen interstitials it formation.34
H2O+2OxO ! 2OH•O+O00i (5)
H2O+OxO ! OH•O+OH0i (6)
The mechanisms considered in equations 7 and 8 are specific
to the presence of oxygen vacancies or interstitials in Ba2TiO4. In
equation 7, H2O reacts with an oxygen vacancy to form a pair
of OH•O units. This mechanism is responsible for proton conduc-
tion in some A2BO4-type materials.47,50,51 In equation 8, H2O
reacts with an oxygen interstitial forming a pair of OH0i defects.
If favourable, these two mechanisms would eliminate any oxygen
defects present, such as those formed through doping, (see sup-
plementary material for further information) and are therefore
likely to curb oxide ion conduction.
H2O+V
••
O +O
⇥
O ! 2OH•O (7)
H2O+O00i ! 2OH0i (8)
Water incorporation energies (EH2O) for these mechanisms are
presented in table 3 and were calculated using the equations
listed therein. In this study, an EPT value of -9.74 eV was se-
lected, which represents the energy of the gas phase proton trans-
fer reaction H2O+O2-! 2OH-.52 Our calculations suggest that
water incorporation via mechanisms 5 and 6 is unfavourable, in-
dicating that significant water inclusions are unlikely in pristine
Ba2TiO4. However, water incorporation via the oxide defect in-
teraction mechanisms 7 and 8 are more favourable with much
lower incorporation energies.. This suggests that oxide ion de-
fects formed in Ba2TiO4 as a result of doping may be supplanted
by hydroxide ions and possibly reducing oxide ion conductivities,
see supplementary information for some examples of water incor-
poration on doping. Furthermore, as their incorporation into the
a0-phase is more favourable water based defects, if present, may
stabilise the a0-phase at lower temperatures in a similar fashion
to doping.17,18
3.3 Carbon Dioxide Incorporation (Modelling Studies)
As Ba2TiO4 is commonly synthesised via the carbonate route,
small concentrations of CO2 based impurity defects are likely,
particularly at low synthesis temperatures. Furthermore, there
is growing evidence of CO2 incorporation as a carbonate ion in
many systems prepared by lower temperature routes, e.g. re-
ports of carbonate incorporation in perovskites, Hancock et al. 21 ,
4
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Table 4 Carbon dioxide incorporation energies for mechanisms 9 to 13.
Equation Defect Energy (eV)
b-phase a0-phase
9: ECO2=[(CO3)
00
i+V
••
O ]+EOT 0.35 -0.05
10: ECO2=(CO3)
00
i+V
••
O+EOT 4.99 4.23
11: ECO2=(CO3)
00
i -O
00
i +EOT -1.97 -2.47
12: ECO2=[(CO3)
00
i+2V
••
O]+EOT-V
••
O -3.08 -3.24
13: ECO2=
1
2[(CO3)
00
i+2V
••
O]+EOT+
1
2(CO3)
00
i 0.96 0.49
and the recent report showing that “YAlO3” is actually an ox-
ide carbonate, of form Y3Al3O8CO3. 53 among others.43,53,54 In-
deed below 750  C Ba2TiO4 is known to react with CO2 to form
BaCO3 and BaTiO3, however, this reaction reverses at higher tem-
peratures.18 While Ba2TiO4 has been studied for its CO2 sorp-
tion properties, investigations focused on macroscopic rather than
atomistic effects.9,10,18,20,55
During Ba2TiO4 decomposition, it has been proposed that CO2
reacts at the surface, where there will be more defects, to form
CO2 3 and finally BaCO3.
20 Particularly during synthesis, CO2
may react with an interstitial or lattice oxide ion to produce a
carbonate anion. Therefore, CO2 based defects were treated as
CO2 3 ions in this investigation to determine whether bulk car-
bonate defects may form favourably through combination of CO2
and lattice oxygen.
To correctly calculate the CO2 incorporation energies (ECO2) a
term, similar to the proton transfer term (EPT), must be included
to represent the energy of the reaction CO2 +O2 ! CO2 3 . As
no value for this term (referred to as EOT) exists in literature a
value of -14.37 eV has been derived in this work following the
procedure detailed in the supplementary material. All carbonate
defect calculations were conducted in b-4⇥3⇥2 and a0-4⇥1⇥2
supercells.
Five CO2 incorporation mechanisms were considered (equa-
tion 9 - 13). In equation 9, CO2 reacts with a lattice ox-
ide ion to form a carbonate interstitial with an oxygen vacancy
([(CO3)00i+V
••
O]) at the nearest neighbour tetrahedra. It should be
noted that square brackets denote clustered defects, and so re-
quires an additional binding energy term (-4.28 eV) calculated as
the difference between a carbonate group next to an oxygen va-
cancy and a carbonate group infinitely separated from the oxygen
vacancy.
CO2(g)+O⇥O ! [(CO3)00i+V••O] (9)
It can be seen from the calculated ECO2 values in table 4 that this
mechanism is favourable, particularly in the a0-phase, suggesting
that such defects are likely in pristine Ba2TiO4 in accord with the
experimental data. All subsequent discussions regarding carbon-
ate defect structures will focus on those in the a0-phase as they
are the most favourable, see table 4. Rather than forming a joint
tetrahedra-carbonate defect like those seen in Y3Al3O8CO3, the
CO2 3 groups prefer to remain independent
53 but clustered with
the “Ti2O7” units which form as a result of oxygen vacancy, fig-
ure 3.
CO2(g)+O⇥O ! V••O+(CO3)00i (10)
(a)
(b)
Fig. 3 [(CO3)00i + V••O ] defect in a
0-Ba2TiO4. Green, blue, red and brown
spheres indicate Ba, Ti, O and C ions respectively, and blue, purple and
brown polyhedra TiO4, “Ti2O7” and CO2 3 units. As viewed on the ac (a)
and bc-planes (b).
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The second mechanism, shown in equation 10, is comparable to
the previous but with its (CO3)00i and V
••
O unclustered. The com-
parably high energy of this mechanism, table 4, shows a signifi-
cant clustering force exists between the V••O and (CO3)
00
i , suggest-
ing that oxygen vacancies will be trapped and immobile. Hav-
ing established the favourability of CO2 incorporation in pris-
tine Ba2TiO4, attention is turned to the possible interactions with
other defects e.g. oxygen interstitials or vacancies which might
be induced through doping.
CO2(g)+O00i ! (CO3)00i (11)
Carbonates defects could be formed through the reaction of CO2
with an oxygen interstitial, as shown in equation 11. With an
ECO2 value of -2.47 eV this mechanism is highly favourable and
suggests that any oxygen interstitials present could be readily an-
nihilated. Again, the carbonate defect is noticeably more stable
in the high temperature phase. The (CO3)00i defect structure is
shown in figure 4, which shows that the carbonate group is ac-
commodated by a displacement of the neighbouring TiO4 tetra-
hedra. It is interesting to note that the local arrangement of the
Ba ions around the (CO3)00i conforms to that seen in BaCO3, which
is one of the by-products of the Ba2TiO4-CO2 reaction.
CO2(g)+O⇥O +V
••
O ! [(CO3)00i+2V••O] (12)
Interactions between oxygen vacancies and carbonate defects
were also considered. However, such interactions will be asso-
ciative rather than a direct reaction. Mechanism 12 represents
formation and further clustering of a [(CO3)00i + V
••
O ] defect to
an oxygen vacancy. This is analogous to mechanism 9 with a
second oxygen vacancy clustering augment. It can be seen from
the energy of this mechanism, -3.24 eV, that the presence of oxy-
gen vacancies will dramatically increase the favourability of car-
bon dioxide incorporation. Taking the difference of mechanism 9
and 12 gives a clustering energy of -3.19 eV suggesting oxygen va-
cancies formed through doping would be strongly bound to car-
bonate impurity defects. It can be seen from figure 5 that the
presence of such a defect causes significant structural distortions
in the Ba2TiO4 lattice and results in the formation of a “Ti3O10”
units in which the central Ti ion has 4 bridging oxygens.
2CO2(g)+2O⇥O ! [(CO3)00i+2V••O]+ (CO3)00i (13)
The final mechanism, considered in equation 13, is found to offer
another low energy route towards CO2 incorporation in pristine
Ba2TiO4. This mechanism can be thought of as the combination
of mechanisms 11 and 12 with an oxygen Frenkel defect.
Finally, because carbonate defects are more stable in the a0-
phase than the b-phase, the a0-phase may be stabilised by the
presence of small concentrations of carbonate impurities. In this
respect there have been reports that the high temperature a0-
phase can be observed in lower temperature synthesis routes,
which has been attributed to particle size effects, but may be due
instead to small concentrations of carbonate impurities.17–20 No-
tably the modelling results showed favourable CO2 incorporation
in a0-Ba2TiO4 in the absence of defects, while the presence of ox-
(a)
(b)
Fig. 4 (CO3)00i defect in a0-Ba2TiO4, image key identical to figure 3 but
with purple polyhedra indicating a “Ti2O8” unit. Dashed lines illustrate
the CO2 3 -Ba arrangements in common with BaCO3. As viewed on the
ac (a) and bc-planes (b).
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(a)
(b)
Fig. 5 [(CO3)00i +2V••O ] defect in a
0-Ba2TiO4, image key identical to
figure 3 but with purple polyhedra indicating oxygen deficient “Ti3O10”.
As viewed on the ac (a) and bc-planes (b).
(a)
(b)
Fig. 6 (a) TG trace for orthorhombic Ba2TiO4 (prepared by annealing
monoclinic Ba2TiO4 at 450  C for 8 hours in air, with an intermediate
regrind). The MS trace (dashed line) shows mass losses due to CO2.
The first mass loss is attributed to CO2 mass loss from orthorhombic
Ba2TiO4 indicating a composition for this phase of Ba2TiO4·0.09CO2 (or
Ba2TiO3.91(CO3)0.09 to emphasise the incorporation as carbonate). The
higher temperature mass loss is attributed to the partial decomposition
of some Ba2TiO4 to give BaCO3 and BaTiO3 which recombines to form
Ba2TiO4 at elevated temperatures. This assignment is supported by
TGA studies of a sample of Ba2TiO4 ( (b) ) which has been slow cooled
(30  C/hour) in air to room temperature, for which much higher BaCO3
levels were observed. In this case a much greater mass loss is
observed, with the TGA trace dominated by the mass loss in the higher
temperature region.
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ide ion vacancy or interstitial defects made the process even more
favourable. Thus at the surface where defects would be more
abundant due to the broken symmetry of the crystal, this CO2
incorporation process is likely to be highly favourable. Further-
more, a few examples of solution energies when taking doping
into considerations have been shown in the supplementary, but
since there is a fuller paper on the effects of doping in manuscript,
further details on this will follow.
3.4 Carbon Dioxide Incorporation (Experimental Studies)
Following on from prior literature reports that a0-Ba2TiO4 was ob-
tained by synthesis at lower temperatures and the modelling pre-
dictions that CO2 incorporation was favourable in this phase, even
in the absence of defects, experimental studies were performed to
confirm the presence of carbonate. In this work, samples of mon-
oclinic b-Ba2TiO4 were prepared and heat treated under different
conditions. The results showed that slow cooling (0.5  C min 1)
from 950  C in N2 led to no change in X-ray diffraction pattern,
while a similar heat treatment in air led to a partial change from
monoclinic to orthorhombic Ba2TiO4. However, in addition to the
presence of both a0 and b-phases, such a heat treatment also gave
large BaCO3 and BaTiO3 impurities and so further experiments
were performed heating in air for 6-8 hours at temperatures <
900  C in order to optimise the conditions for the formation of
orthorhombic Ba2TiO4, while limiting the partial decomposition
to BaCO3 and BaTiO3. These experiments showed temperatures
< 750  C led to the appearance of the orthorhombic Ba2TiO4
phase, with the optimum temperature being 450  C (figure 7).
TG-MS analysis of this phase under N2 showed a small mass
loss at 880  C, which MS data showed was due to CO2 loss. A
composition of Ba2TiO4·0.09CO2 (or Ba2TiO3.91(CO3)0.09 to em-
phasise the incorporation as carbonate) was indicated, figure 6.
After the TG-MS experiment the phase obtained was monoclinic
b-Ba2TiO4. Therefore these results strongly align with the mod-
elling studies supporting the conclusion that the alpha phase is
stabilised by low levels of carbonate defects, which would explain
prior reports of its formation by low temperature routes17-20,
since at the temperatures employed residual carbonate is likely to
be present. Furthermore it indicates that the reaction of Ba2TiO4
with CO2 is not just limited to the surface, but rather is a mixture
of bulk (migration of CO2, as CO32-, into the bulk phase) and
surface processes.
4 Conclusions
In conclusion, this detailed computational study backed up by ex-
perimental results show:
1) that intrinsic defects will not form naturally in any significant
quantity in Ba2TiO4
2) CO2 3 defects are likely to be common impurities in both pris-
tine and doped Ba2TiO4 systems; whereas those based on H2O are
predicted only to form in systems which contain other supporting
defects, such as oxygen vacancies or interstitials. Both carbonate
and protonic defects are predicted to trap oxide ion defects.
3) that the a0-phase stabilising abilities of carbonate and protonic
defects may, in part, account for the varied reports of Ba2TiO4’s
Fig. 7 XRD patterns for Ba2TiO4 heated under different conditions.
Black: as prepared at 1100  C in air and furnace cooled, showing the
presence of monclinic Ba2TiO4. Red: sample annealed at 450  C in air
for 8 hours with an intermediate regrind, showing the presence of
orthorhombic “Ba2TiO4”: TGA studies (figure 6) suggest a composition
for this phase of Ba2TiO4·0.09CO2 (or Ba2TiO3.91(CO3)0.09 to emphasise
the incorporation as carbonate). Blue: sample slow cooled in air at
30  C/hour, showing significant decomposition to BaCO3 and BaTiO3.
phase behaviour, with our own experimental studies showing that
this phase can be formed from the b-phase by heating in air at
450  C for 6 hours, with TG studies confirming the presence of
carbonate in the sample.
The work therefore highlights the importance of the considera-
tion of the possible effect of CO2 (incorporated as CO2 3 ) to ratio-
nalise the structure and properties of mixed metal oxide systems.
Such consideration is also especially important, when one consid-
ers the growing use of lower temperature sol gel routes for the
design and synthesis of new functional materials. Such routes
are typically C rich, and so may introduce significant residual car-
bonate into the material, and so there is therefore a clear need
to investigate the carbonate content of low temperature (<1000
 C) synthesised materials, and examine how this may affect the
structure and properties.
While these studies have shown some interesting results, they
only relate to the materials bulk. However, it is possible that sur-
face defect phenomena may also play an important role. Thus,
further work must be conducted to investigate defect behaviour
at the surface of Ba2TiO4.
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6 Supporting Information
An appendix document accompanying this work contains addi-
tional supporting information in the form of: Interatomic poten-
tials for OH  and CO2 3 ; The derivation of carbonate’s oxygen
transfer term (EOT ); Intrinsic defect energies; An a-axial view of
b-Ba2TiO4; Water and carbon dioxide incorporation mechanisms
involving dopants to facilitate oxide ion defect formation; A table
comparing interatomic distances; and another containing isolated
point defect energies.
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